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Abstract 

We analyze the criterion for the appearance of magnetic moments in quasicrystals approximants and liquids Al-Mn. 
In a Hartree-Fock scheme, it is shown that the Stoner criterion (Und^Ep) > 1) does not apply to these systems due 
to the presence of the pseudogap in the density of states. We give an generalized criterion that can take into account 
the particular density of state. The main result is that the appearance of a magnetic moment on a Mn atom depends 
strongly on its position in the crystalline structure. Indeed some particular positions of the Mn atoms lead to magnetic 
moments whereas other positions are more stable when the Mn is non-magnetic. This criterion is used to analyzed the 
electronic structure of two approximants (1/1-Al-Pd-Mn-Si and T-Al-Pd-Mn) calculated by the self-consistent LMTO- 
ASA method. 
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1. Introduction 



The magnetic properties of quasicrystals have been 
studied since the discovery of icosahedral Al-Mn 
phase. The main focus of this article is the exis- 
tence of local moments carried by Mn atoms. In 
crystals (AlgMn, Ali2Mn...) and some approximants 
(a- and /3-Al-Mn-Si...) the Mn atoms do not carry 
a magnetic moment ("non-magnetic" atoms, spin 
gS = m = 0). In icosahedral Al-Mn, Al-Pd-Mn and 
many of their approximants (/i-AUMn, 1/1-Al-Pd- 
Mn-Si, T- Al-Pd-Mn...), most of the Mn atoms are 
non-magnetic but few Mn atoms carry a magnetic 
moment ("magnetic" atoms, m ^ 0). By contrast, 
in the liquid in equilibrium with these phases, there 
is a large proportion of magnetic Mn atoms. See 
Refs. [0, D and Refs. in them. 

In Al-Mn alloys, Mn atoms are closed to the mag- 
netic / non-magnetic transition. The magnetic state 
of Mn depends on the local density of states (local 
DOS) on Mn atoms |, l. These local DOS is in- 



fluenced by the local environment and we show that 
it depends also on the environment up to 5 — 10 A. 
The usual criterion to study the magnetic states of 
transition metal (TM) atom in non-magnetic host 
is the Friedel- Anderson criterion (equivalent to the 
Stoner criterion for a TM impurity in a non-metallic 
host). This criterion assumes that sp valence states 
are free states, but in crystals and quasicrystals that 
is no more valid and it is necessary to generalize the 
criterion. 



2. Generalized Stoner criterion 

The magnetic state of a TM atom in aluminum host 
results from the competition between the Coulomb 
interaction and the kinetic energy of the d elec- 
trons. The Coulomb interaction is £c — UNdxNdj = 
^(N2 - m2), where N^ (N^ = Nd^+ N^J is the to- 
tal number of d electrons and m (m = Ncjf — N^x) 
is the local magnetic moment on the TM atom. £c 
decreases when m increases, so it favors the occur- 
rence of a magnetic moment (m ^ 0). The kinetic en- 



ergy (or band energy), A, of the d electrons increases 
when the hybridization between the d orbital and 
the sp nearly free states increases. Roughly speak- 
ing A is proportional to width of the local d DOS. 
Therefore, the understanding of magnetic moment 
requires to analyze carefully the local DOS. In the 
Al-Mn alloys, because of the strong sp-d hybridiza- 
tion H, |, 0, H, the local DOS depends widely on 
the atomic structure: the local environment (number 
and chemical nature of the neighbors, local symme- 
try) must be important, but it depends also on the 
medium range order because the sp states are delo- 
calized. This last effect is the most important for Mn 
atoms as respect with other TM atoms (Cr, Fe, Co, 
Ni) , because the d band of Mn is half filled. In the 
following we analyze this effect. 

Let us recall first the case of one Mn impurity in 
a non-metallic Al host described by the well known 
Virtual Bound States model M for which one d or- 
bital is coupled with the sp free states. The result of 
this model is independent of the position of the Mn 
atom in the alloy. The Mn d DOS is a Lorcntzian 
that satisfies the rigid band model, i.e. the d DOS 
is shifted when the on site energy, E^, varies but its 
shape does not change. In the Hartree approxima- 
tion, the energy E^ is obtained by the self consistent 
relation: 

Ed., - i?S + U(Nd.-a - <- J . (1) 

Ndcr, and Nj]^ are the number of d electrons for a Mn 
atom with spin a in the alloys, and for an isolated 
Mn atom, respectively. From the rigid band model, 
the criterion of the appearance of a localized moment 
is easy to calculate by writing these self consistent 
equations for the spin up and the spin down. It fol- 
lows that a localized moment exists if (local Stoner 
criterion) [01 : 



UnaiEp) > 1 



(2) 



For Mn atoms in a metallic host we have to consider 
5 degenerated d orbitals per Mn impurity. The ex- 
change integral J between two electrons, localized on 
two different orbitals of the same Mn impurity, is 
taken into account by changing U to (U— 4J). 

As shown experimentally and theoretically the 
DOS of the quasicrystals and their approximants is 
characterized by the presence of a well defined pseu- 
dogap in the vicinity of the Fermi energy (Eip) which 
contributes to their stabilization (Hume-Rothery 
mechanism) [|lO[ |5|, [7| . The band energy is minimized 
when the number of valence electrons is such that 
the Fermi sphere touches a "predominant Brillouin 
zone", constructed by the Bragg planes located in 
the vicinity of the Fermi sphere. The diffraction by 
Bragg planes splits the valence sp states into bond- 
ing and antibonding states. That leads to the forma- 
tion of a valley, called pseudogap, in the partial sp 



DOS near Ep. The energies of bonding (antibond- 
ing) states are mainly below (above) the pseudogap. 
Because of the diffraction by Bragg planes, there is 
no more translation invariance of valence state am- 
plitudes. Therefore the hybridization between the 
nearly free sp states and a d orbital depends strongly 
on the Mn position, r^, of the Mn atom in the alloys. 
In particular, it has been shown that the partial d 
DOS on Mn exhibits a pseudogap or not, depending 
on the Mn position ||]. Schematically, one find that 
there are two extreme cases depending on Vd via the 
parameter a(rd), a{rd) — (cos(K.rrf -t- <&)). Here, K 
are the wave vectors of the reciprocal lattice that de- 
fine the Bragg plane from which the pseudo-Brillouin 
zone is constructed, and <I> is a phase depending on 
the lattice. If (cos(K.rc( -I- <!>)) = 1, the amplitude of 
the bonding valence states is minimized at r = r^, 
and the amplitude of the antibonding valence states 
is maximized at r = r^. Thus the d orbital is more 
coupled with the antibonding valence states. On the 
other hand, if (cos(K.rc( -I- $)) ~ —1, the d orbital is 
more coupled with the bonding valence states. 

Moreover due to the large diffraction by Bragg 
plane, the rigid band model hypothesis for the lo- 
cal d DOS is no more valid. The Friedcl- Anderson 
criterion for the appearance of a localized moment 
(equation (||)) has to be generalized. The revised 
criterion, calculated from the equations (|^), is: 



-i:- 



(3) 



where N^ is the number of d electrons of Mn in the 
non-magnetic case. 

One defines the energy u'*™ as the interaction en- 
ergy above which the Mn atom is magnetic (Fig.0). 
The first difference with the Virtual Bound State is 
that U'*™ varies with the position r^ via the param- 
eter (cos(K.r(i -I- <&)). 

The calculated u'"" gives also a satisfying model 
to understand the difference between the mag- 
netism of Al-Mn crystals, quasicrystals and liquids. 
Whereas most of Mn atoms are non-magnetic in 
crystals and quasicrystals, it has been found from 
ab initio calculations 1 11 and experimental mea- 
surements that the liquid Al-Mn exhibit a large 
amount of localized magnetic moments. In the crys- 
tals, d orbitals of stable Mn atoms are preferentially 
coupled with antibonding sp states, (cos(K.r(j -|- 
$)) ~ 1 (see Refs. [|, § and next section); U'"" 
is given by the curve Fig.np which takes into ac- 
count the diffraction by Bragg planes. But in liquid, 
the topological disorder destroys the diffraction by 
Bragg plane and u'*™ is given by the curve Fig. [Ip. 
As the temperature increases through the fusion, the 
yhm decreases, and the Mn should go from a non- 
magnetic state to a magnetic state. 
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Fig. 1. Criterion for the appearance of a localized 
magnetic moment on Mn in Al host (see text), a = 
(cos(K.rtj + $)). With diffraction by Bragg plane: (a) 
Stoner criterion, U "" = l/nti(EF). (b) generalized 
criterion, U"™ = -l/idNa/dEd). (c) without diffrac- 
tion by Bragg planes (Virtual Bound State hypothesis), 
U'"" = -l/{dNa/dEa) = l/nd(Ep). 



3. Energetic criterion 

The generalized criterion presented in the last section 
can be analyzed in terms of band energy. We calcu- 
lated the energy of Mn atoms in low concentration in 
Al host (Fig.0), assuming a important diffraction by 
Bragg plane. This model is described elsewhere H. 

Our analysis shows that the Mn state can be un- 
derstood by simple arguments as follows, ff the Mn 
atom is non-magnetic its energy varies with its posi- 
tion, Td, but the energy of the Mn atoms with a high 
moment does not vary with r^;. Indeed the magnetic 
Mn atoms are less influenced by their environment 
because their d bands are not close to Ep when in 
fact the most delocalized electron are electrons with 
energy Ef- In the studied alloys the hybridization 
between the atoms is important and the electronic 
energy of the Mn atoms is minimized for the Mn po- 
sitions r^ satisfying (cos(K.rc; + $)) ~ 1. In that 
case, the Mn is non magnetic and the d DOS calcu- 
lation exhibits H a pseudogap near Ep. By contrast 
the Mn atomic positions ((cos(K.rj; -I- $)) ~ —0.3), 
that are less stable, lead to magnetic Mn and no 
pseudogap near E^ in the d DOS. 

Provided that the Mn concentration is not too 
small, the pseudo-potential on the atomic sites which 
scatters the valence electron is mainly due to the 
Mn atoms themselves (the Al pseudo-potential be- 
ing much weaker), and the pseudogap results mainly 
from the diffraction of the valence states by the sub- 
lattice of the Mn atoms . This effect can be ana- 
lyzed in term of a long range effective pair potential 
(up to ~ 10 A) which moreover depends on the mag- 
netic state of Mn ||T^ . Therefore the magnetic state 
depends also on the medium range order of the Mn 
atoms. 



Fig. 2. Variation A£ (eV) of the energy due to one Mn d 
impurity in a metallic host as function of a = (cos(K.r£j-|- 
"!?)). Full line, with diffraction by Bragg planes. Dashed 
line, without diffraction by Bragg planes (impurity case). 



4. LMTO calculations for approximant 

The electronic structure and the magnetic struc- 
ture of 1/1-approximant and a Taylor phase are per- 
formed by using the self-consistent linear muffin tin 
orbital method (LMTO- AS A) [[s). 

We studied the 1/1 — Al65.9Pd12.2Mn14.6Si7. 3 con- 
taining 123 atoms in a cubic cell||lj|. The lattice 
parameter is a = 12.281 A. Two Wyckoff sites 
(noted Mn(4) and Mn(5)) are occupied by Mn atoms. 
The total DOS and the local DOS on Al, Mn(4) 
and Mn(5), calculated without spin-polarization, are 
shown on Fig.||. The local DOS on Al, that cor- 
respond mainly with valence sp states, exhibits a 
pseudogap near E^ as expected for an approximant. 
The local DOS on the two Mn sites differs markedly. 
Mn(4) DOS is split into bonding and anti-bounding 
states separated by the pseudogap. In contrast, there 
is no pseudogap at Ep on Mn(5) DOS. 

The spin polarized LMTO calculation converges 
to a non-magnetic state (m — 0) on Mn(4) and on 
Pd; but there is a localized magnetic moment on 
Mn(5), m = gS ~ 0.7. Mn(4) is surrounded by 10 Al 
atoms, which favors a strong sp-d hybridization and 
therefore a non-magnetic states. On the other hand, 
Mn(5) atom is surrounded by 5 Mn(5) and 7 Al. 
The d-d overlapping between Mn(5) atoms is strong 
and the sp-d hybridization is less important that for 
Mn(4). It follows that Mn(5) in a good candidate to 
be magnetic. 

The composition domain of the Taylor phase is 
rather wideQ. Five Wyckoff sites (noted Mn(l) 
to Mn(5)) are occupied by Mn only and five Wyck- 
off sites (noted TM(1) to TM(5)) by Al/Mn mix- 
ture with different Al/Mn ratios. We calculated the 
electronic structure for a Mn-low T-phase and we 
assumed that TM(1) to TM(5) are occupied by Al 
atoms only and that TM(6) is occupied by Pd atoms 
only. There are 156 atoms in a orthorhombic unit 
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Fig. 3. Electronic structure of the 1/1- 

Al65.9Pdi2.2Mni4.6Si7.3, calculated by LMTO-ASA 
without spin polarization: total DOS; sum of local DOS 
on Al sites; local DOS on Mn(4); and local DOS on 
Mn(5). Ef = 0. 



cell with the composition T-Al7g.5Pd5.iMni5.4. The 
lattice parameters are assumed to be the sanie as 
for a Mn-rich T-phase: a = 14.717 A, b = 12.510 A 
and c — 12.594 A pSJ. The self-consistent spin po- 
larized calculation converges to a spin equal to zero 
on all Mn and Pd atoms. The total DOS (Fig.|) 
exhibits a well pronounced pseudogap near Ej? com- 
parable to that found for other approximants |q, pi . 
This pseudogap is present in the local Al DOS, Mn(2) 
DOS and Mn(5) DOS. Nevertheless it is not present 
on local Mn(l), Mn(3) and Mn(4) DOS. The local 
DOS at Ep (per atom) on Mn sites are the follow- 
ing: 1.5 states/(eV. atom) on Mn(l), 1.0 on Mn(2), 
2.2 on Mn(3), 2.2 on Mn(4) and 1.1 on Mn(5). There 
is a rather large difference between this DOS; but, 
all these Mn have a spin equal to zero. Neverthe- 
less, during the self-consistent procedure the spin of 
Mn(3) and Mn(4) converge very slowly to zero. This 
suggests that these two atoms are closed to the mag- 
netic / non-magnetic transition. 

Experimentally [y , the Mn-poor T-phase is nearly 
non-magnetic but other T-phases contain magnetic 
Mn. The comparison of several T-phases measure- 
ments and our calculation suggests Q] that Mn(l) to 
Mn(5) atoms are always non-magnetic and moments 
are carried by the Mn atoms occupying the TM sites. 
This is in agreement with the fact that the Mn atoms 
located on the most stable Mn sites are non-magnetic 
whereas the Mn atoms located on the less stable sites 
could be magnetic as shown in sectionp. 
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Fig. 4. Total DOS of T-Al79.5Pd5.iMni5.4, calculated by 
LMTO-ASA. Ep = 0. 



5. Conclusion 

In Al-Mn-(Si) and Al-Pd-Mn-(Si) quasicrystals and 
their approximants many Mn atoms are close to the 
magnetic / non-magnetic transition. We show that 
the magnetic state is determined by the local DOS on 
Mn atoms which depends on their local environment 
and also on their environment up to 5 — lOA. The 
Mn atoms located on the less stable atomic position 
could be magnetic, while the Mn atoms located in 
the most stable position are non-magnetic. 
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